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Titanium-doped gallium lanthanum sulfide (Ti:GLS) and gallium lanthanum oxysulfide (Ti:GLSO) glasses
have an absorption band at 500–600 nm that cannot be fully resolved because of its proximity to the band
edge of the glass. At concentrations 0.5% a shoulder at 980 nm is observed in Ti:GLS but not in Ti:GLSO. The
emission spectra of Ti:GLS and Ti:GLSO both peak at 900 nm with lifetimes of 67 and 97 s, respectively. We
propose that the absorption at 600 nm is due to the 2T2g→ 2Eg transition of octahedral Ti3+ and the 980 nm
shoulder is due to Ti3+–Ti4+ pairs. © 2008 Optical Society of AmericaOCIS codes: 300.2530, 140.3380.
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p. INTRODUCTION
olid-state lasers that use transition metals as the active
on have a long history and can in fact be traced back to
he first demonstration of laser action—the chromium-
oped ruby laser [1]. Apart from being of considerable
cademic interest, the demonstration of laser action from
ne of these elements in a glass host would have impor-
ant implications for other optical devices. An example of
his would be a broadband gain medium that could be in-
orporated into existing fiber and planar optical devices.
To date there has been no demonstration of a d-block
ransition metal laser that uses glass as a host. The high
aximum phonon energy and resulting rapid nonradia-
ive decay mechanisms of oxide-based glasses such as
ilica make conventional glasses unlikely candidates for
he host material. On the other hand chalcogenide glasses
ave low maximum phonon energies due to the relatively
arge atomic mass of the constituent atoms. In particular
allium lanthanum sulfide glass (GLS) has a maximum
honon energy of 425 cm−1 [2]. This low maximum pho-
on energy may allow emission from transition metal
opants that are weakly or not at all observed in silica for
xample.
Titanium-doped Al2O3 (Ti:sapphire) has been used as a
ain medium in room temperature tunable lasers since la-
er action was first reported by Moulton in 1982 [3]. The
i:sapphire laser is the most widely used near-infrared
IR) tunable laser source and is tunable from
50 to 1100 nm. It is also used to generate ultrashort la-
er pulses with durations as low as 8 fs [4]. Due to the
uccess of the Ti:sapphire crystal as a tunable laser
ource little attention has been paid to titanium-doped
lass as an active medium. We also note that reports in
he literature of photoluminescence from titanium-doped
lasses are extremely scarce. A titanium-doped glass laser
n a fiber geometry could potentially have several advan-0740-3224/08/091458-8/$15.00 © 2ages over a Ti:sapphire laser, in that it could be more
ompact and have a higher alignment stability and ro-
ustness. In this work we present spectroscopic data for
itanium-doped GLS (Ti:GLS) that contains around 0.5%
molar) oxygen for stability against crystallization, and of
itanium-doped gallium lanthanum oxysulfide (Ti:GLSO),
hich contains around 15% (molar) oxygen.
. EXPERIMENTAL
. Glass Melting
amples of Ti:GLS were prepared by mixing 65% gallium
ulfide, 30%–X% lanthanum sulfide, 5% lanthanum oxide,
nd the appropriate proportion (X%) of titanium sulfide
percent molar). Samples of Ti:GLSO were prepared by
ixing 75%–X% gallium sulfide, 25% lanthanum oxide,
nd the appropriate proportion (X%) of titanium sulfide
percent molar). Batching was carried out in a dry-
itrogen purged glove box. Melt components were batched
nto vitreous carbon crucibles, weighed using a balance
ith a resolution of 0.001 g. Batches were then trans-
erred to a furnace using a custom-built sealed atmo-
phere transfer pod. Gallium and lanthanum sulfides
ere synthesized in-house from gallium metal (9N purity)
nd lanthanum fluoride (5N purity) precursors in a flow-
ng H2S gas system. Before sulfurization lanthanum fluo-
ide was purified and dehydrated in a dry-argon purged
urnace at 1250°C for 36 h to reduce OH− and transition
etal impurities. The lanthanum oxide and titanium sul-
de were purchased commercially and used without fur-
her purification. The glass was melted at 1150°C for
round 24 h, in a silica tube furnace, with an initial ramp
ate of 20°C min−1 and under a constant argon atmo-
phere (flow of 200 ml min−1). This method was chosen in
avor of the sealed ampoule method because volatile im-
urities such as OH− are carried downstream away from008 Optical Society of America
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Hughes et al. Vol. 25, No. 9 /September 2008 /J. Opt. Soc. Am. B 1459he melt and because of safety concerns about the am-
oules exploding. The melt was rapidly quenched (at
round 500°C/min) to form a glass by pushing the cru-
ible holder into a silica water jacket. The quenching pro-
ess is designed to prevent crystallization of the glass by
apidly increasing the viscosity of the glass through a
apid temperature drop, hence arresting the nucleation
nd growth of crystals. The glass was then annealed at
00°C for 12 h. The final glass is homogeneous and crack
ree.
. Spectroscopic Measurements
bsorption spectra were taken on a Varian Cary 500 spec-
rophotometer that operates over a range of
75–3300 nm with a resolution of ±0.1 nm in the UV-VIS
visible) region 200 to 800 nm and ±0.4 nm in the IR re-
ion 801 to 3300 nm. The absorption coefficient spectra
a were calculated from
a =
log10P0/P
b
, 1
here P0 is the incident radiant power, P is the transmit-
ed radiant power, and b is the sample thickness.
Photoluminescence (PL) spectra were obtained with a
33 nm HeNe laser excitation source. The laser beam was
hopped with a Scitec optical chopper and a reference sig-
al was sent to a Stanford research system’s SR830 DSP
ock-in amplifier in the form of a square wave. The laser
eam struck the sample at a shallow angle, such that the
eflected and most of the scattered laser light does not hit
aF2 lenses, which were used to collimate and focus the
uorescence into a Bentham TMc300 monochromator.
he exit beam from the monochromator was detected by a
ewport 818-IG InGaAs detector. A long-pass filter with
n appropriate cut-off wavelength was used to cut out the
aser light but allow PL into the monochromator. The sys-
em was corrected for the wavelength-dependent response
f the gratings, detectors, and other system components
y calculating a correction spectra C with C
Ical /Imeas, where Imeas is the luminescence spec-
rum of a Bentham IL6 quartz halogen white light source
easured by the detection system and Ical is the lumi-
escence spectrum of the calibrated white light source
upplied by the manufacturer.
To obtain photoluminescence excitation (PLE) spectra,
hite light from a Philips 250 W tungsten halogen bulb
as focused by a 40 mm diameter silica lens into an Acton
pectrapro 300i monochromator that dispersed the light
o give a variable energy exciting light source. The excit-
ng light was focused onto the edge of the sample by a
0 mm diameter silica lens, then the fluorescence, col-
ected at 90° to the excitation, was collimated and focused
y two CaF2 lenses onto a Newport 818IG InGaAs detec-
or. A silicon filter was placed in front of the InGaAs de-
ector to give an effective detection range of
000–1700 nm. A 715 nm long-pass color glass filter was
laced in front of the monochromator when scanning
avelengths longer than 750 nm to cut out second-order
ight; from absorption measurements the response of the
lter was taken to be flat.The PLE system was corrected for the varying intensity
f exciting light, due to the varying grating response and
pectral output of the white light source, by obtaining the
hite light response Rwl for each grating with New-
ort 818-SL and 818-IG detectors. The correction curves
or each grating were then calculated using the calibra-
ion report supplied with the detectors. The calibration
eports gave the responsivity of the detectors in steps of
0 nm. The spectral responsivity data was entered onto a
omputer and smoothed with a running average algo-
ithm, with a sampling proportion of 0.05, to give detector
esponsivity spectra Rdet in steps of 1 nm. The correc-
ion spectra C for each grating were then calculated
ith: C=Rwl /Rdet.
To collect lifetime measurements the 633 nm excitation
ource was modulated by a Gooch and Housego M080-1F-
H2 acousto-optic modulator (AOM). The modulation sig-
al was generated by a Thurlby Thandar TG230 2 MHz
weep–function generator, which then activated a Gooch
nd Housego A103 radio frequency generator. The fluores-
ence was detected with a New Focus 2053 InGaAs detec-
or that was set to a gain that corresponded to a 3 dB
andwidth of 3 MHz. The data was captured by a Picos-
pe ADC-212 virtual oscilloscope with a 12 bit intensity
esolution and a maximum temporal resolution of 700 ns,
he signal was averaged for around 2 min to improve
ignal-to-noise ratio (SNR) in the measurement. Lifetime
easurements were taken several times at different
lignments in order to give an estimate of random experi-
ental error.
. RESULTS AND DISCUSSION
. Absorption Measurements
igure 1 shows the absorption spectra of GLS doped with
arying concentrations of titanium. At concentrations up
o 0.2% absorption from titanium is only visible as a red-
hift in the band edge of GLS indicating absorption from
itanium at 500–600 nm. At concentrations of 0.5% and
reater a shoulder at 1000 nm is observed; there is also
weak and broad absorption centered at around
800 nm. Figure 2 shows the absorption spectra of GLSO
oped with varying concentrations of titanium. Similar to
ig. 1. (Color online) Absorption spectra of 0.1% to 1% molar
itanium-doped GLS and undoped GLS in 3 mm thick slabs.
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1460 J. Opt. Soc. Am. B/Vol. 25, No. 9 /September 2008 Hughes et al.i:GLS, there is also a redshift in the band edge with in-
reasing titanium concentration in the higher oxide con-
aining glass; however, there is no evidence of a shoulder
t 1000 nm or a broad weak absorption at 1800 nm as
n Ti:GLS. The 1% Ti:GLSO sample had partially crystal-
ized, which meant that its baseline absorption was
igher than expected because of increased scattering.
To confirm the observation of a shoulder at 1000 nm
r a broad weak absorption at 1800 nm as in Ti:GLS but
ot in Ti:GLSO, derivatives of the absorption spectra of
.5% Ti:GLS and 0.5% Ti:GLSO were taken. The math-
matical differentiation of spectroscopic data is often used
s a resolution enhancement technique to facilitate the
etection and location of poorly resolved spectral compo-
ents including peaks that appear only as shoulders as
ell as the isolation of small peaks from an interfering
arge background absorption [5]. All spectral features that
re attributed to optical transitions in transition metals
re assumed to be composed of a sum of Gaussian peaks.
he standard Gaussian curve function for an absorption
and peaking at x0 with absorbance A is
A = A0e
−4 ln 2x − x0/w
2, 2
here A0 is the maximum band height at x0 and w is the
ull width at half-maximum (FWHM). The second deriva-
ive of Eq. (2) is
d2A
dx2
= 16 ln 2x − x02A0w4 − 8 ln 2A0w2 	e−4 ln 2x − x0/w2.
3
igher-order derivatives discriminate strongly in favor of
arrower bands [6]. However, the SNR is degraded with
ncreasing differentiation order [5,7]. Setting x=x0 for Eq.
3) gives the peak amplitude in Eq. (4), this shows that
econd derivatives are inversely proportional to the
quare of the FWHM,
d2A
dx2
= −
8 ln 2A0
w2
. 4
herefore absorption peaks in second derivative absorp-
ion spectra correspond to where d2a /d20, where a is
ig. 2. (Color online) Absorption spectra of 0.05% to 1% molar
itanium-doped GLSO and undoped GLSO in 3 mm thick slabs.he absorption coefficient. The second derivative absorp-
ion spectra in Fig. 3 clearly show that there is an absorp-
ion peak at 980 nm in Ti:GLS but not in Ti:GLSO. Ab-
orption peaks at 615 and 585 nm are also identified for
i:GLS and Ti:GLSO, respectively. The second derivative
bsorption peak at 980 nm was much stronger in 1%
i:GLS than in 0.5% Ti:GLS but could not be identified at
oncentrations of 0.2% or lower.
The Ti3+ ion has a single d electron and it is therefore
xpected to exhibit a single absorption band in ideal sym-
etry. In crystals of Al2O3, Ti3+ ions have octahedral co-
rdination with trigonal symmetry [8] and their absorp-
ion is characterized by a broad double humped
bsorption band extending from 400 to 600 nm. The main
eak occurs at 490 nm with the shoulder at 550 nm; these
re attributed to transitions from the 2T2g ground state to
he Jahn–Teller split 2EgE3/2 and
2EgE1/2 excited
tates [9]. A weak residual IR absorption has been identi-
ed in Ti:sapphire from around 650 to 1600 nm, peaking
t 800 nm [9] and has been shown to be due to Ti3+–Ti4+
airs [10]. We therefore propose that the absorption at
600 nm in Ti:GLS and Ti:GLSO is due to the 2T2g
2Eg transition of octahedral Ti
3+ and the absorption at
80 nm in Ti:GLS is due to Ti3+–Ti4+ pairs. The residual
R absorption coefficient of Ti3+:Al2O3 has been shown to
e proportional to the square of its blue–green absorption
oefficient [9,10]. Because absorption due to Ti3+–Ti4+
airs is detrimental to the performance of the Ti:sapphire
aser, much effort has been made to minimize it. In Ti-
sapphire the valence of Ti ions has been controlled by
elting temperature and oxygen partial pressure [9,11].
n silica the concentration of Ti3+ relative to Ti4+
Ti3+ / Ti4+ increased with melting temperature and
ecreasing oxygen partial pressure and was maximized
y melting in deoxidized argon, i.e., a reducing atmo-
phere [12]. This is the same atmosphere that GLS is
elted in so the oxygen partial pressure parameter is al-
eady maximized for the reduction of the Ti4+ concentra-
ion. In silicate, borate, and phosphate glasses the redox
eaction of TMm+↔TMm+1+ is related to the glass basic-
ty B [12,13], TM is a transition metal ion, and glass ba-
icity is calculated in terms of the Coulombic force be-
ween the cation and oxygen ion of each glass component
s in Eq. (5) [12],
ig. 3. (Color online) Second derivative of the absorption coeffi-
ient of 0.5% Ti:GLS and 0.5% Ti:GLSO.
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Hughes et al. Vol. 25, No. 9 /September 2008 /J. Opt. Soc. Am. B 1461Bi =
ri + 1.42
Zi 2
, 5
here Zi and ri are the valency and radius of the cation;
he values of 2 and 1.4 are the valency and radius of the
xygen ion, respectively; and Bi is the basicity of glass
omponent i. The higher La2O3 content of GLSO com-
ared to GLS is thought to cause the formation of oxide
egative cavities [14] whereby the oxygen coordination of
allium is increased from 0 to 1, therefore GLSO should
ave a higher basicity than GLS. In silicate glass
Ti3+ / Ti4+ is inversely proportional to B, in borate glass
Ti3+ / Ti4+ is proportional to B, and in phosphate glass
here is no dependence of Ti3+ / Ti4+ on B [12]. The re-
ationship between Ti3+ / Ti4+ and B in the GLS system
s not known, however, it is assumed that Ti3+ / Ti4+ is
roportional to B since there is no absorption due to
i3+–Ti4+ pairs in the more basic GLSO glass. This asser-
ion is, however, dependent on assignment of the 980 nm
bsorption in GLS to Ti3+–Ti4+ pairs being correct.
The absorption of titanium has been characterized in a
ariety of glasses [12,15–22]. In all of the glasses a broad
ouble-humped absorption band extending from
00 to 750 nm was observed and attributed to Ti3+ in tet-
agonally distorted octahedra, except in silicate glass
here a single absorption peak at 560 nm was observed
nd attributed to a continuous range of Jahn–Teller split-
ings. As no similar absorption shoulder could be resolved
n GLS and GLSO this is therefore attributed to the same
ffect as in silica glass. In some of the glasses an IR ab-
orption at 800 nm was attributed to Ti3+–Ti4+ pairs.
. Emission Spectra Measurements
n Ti:Al2O3, the emission peaks at 750 nm when ex-
ited at 514 nm [3]. Of the titanium-doped glasses inves-
igated previously [12,15–22], emission from d–d transi-
ions in Ti3+ was only reported in sodium phosphate
luminate glass [16]; in the other glasses emission was ei-
her not investigated or not detectable. In Ti3+: sodium
hosphate aluminate glass, emission centered at 860 nm
ith a FWHM of 2020 cm−1 was detected from excitation
ith a 633 nm HeNe laser. This is close to the emission of
i:GLS and Ti:GLSO in Fig. 4, where the emission peaked
t 900 nm when excited at the same wavelength. This fur-
her backs up the hypothesis that titanium is in a 3+ oxi-
ation state in GLS and GLSO. The broadness of the PL
pectrum indicates that the titanium ion is in a low crys-
al field site, i.e., the energy of the lowest excited state is
trongly dependent on crystal field strength. No emission
n the range 1200–1800 nm was detected from Ti:GLS
hen exciting with a 500 mW 1064 nm laser source.
The observation that emission from Ti:GLS peaks at
00 nm, which is at a higher energy than the weak ab-
orptions at 980 and 1700 nm, implies that these absorp-
ions cannot be due to the same coordination and oxida-
ion state and of titanium that produces the emission.,
his supports the hypothesis that these weak absorptions
re due to Ti3+–Ti4+ pairs.
Figure 5 shows the excitation spectra of 0.1% titanium-
oped GLS and GLSO, both of which show a single exci-
ation peak at 580 nm that is in good agreement with the
erivative absorption measurements. The excitation sig-al was relatively weak and the apparent increase in ex-
itation in Ti:GLS at 800 nm is caused by a correction for
he system response. Due to the weak signal and the
roximity of the GLS band edge, Fig. 5 may not give an
ccurate representation of the absorption bandwidth. No
urther excitation signal was detected up to 1000 nm.
. Emission Lifetime Measurements
he emission decay profiles of a range of titanium doping
oncentrations were investigated. The decay was found to
e non-single-exponential and was analyzed using both
he stretched and double exponential decay models. This
ata is used to infer the optimum concentration and com-
osition of an active optical device based on Ti:GLS.
Many relaxation processes in complex condensed sys-
ems such as glasses have long been known to follow the
tretched exponential function given in Eq.(6) [23],
It = y0 + I0 exp−  t

		 , 6
here I0 is the initial fluorescence intensity, y0 is the off-
et,  is the characteristic fluorescence lifetime, and  is
ig. 4. (Color online) Photoluminescence spectra of 0.1%
itanium-doped GLS and GLSO excited with a 5 mW 633 nm la-
er source.
ig. 5. (Color online) PLE spectra of 0.1% Ti:GLS and 0.1%
i:GLSO. Emission was detected at 1000–1700 nm and the exci-
ation source was dispersed with a 1200 lines/mm grating.
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1462 J. Opt. Soc. Am. B/Vol. 25, No. 9 /September 2008 Hughes et al.he stretch factor. The closer  is to 0 the more the func-
ion deviates from a single exponential. The stretched ex-
onential function has been shown to describe many re-
axation processes in amorphous and crystalline
aterials such as nuclear relaxation [23], magnetic sus-
eptibility relaxation [23], fluorescence decay [24–29], and
hotoinduced dichroism [30]. Though stretched exponen-
ial behavior has been observed in many relaxation pro-
esses, particularly in disordered materials such as
lasses, there has been considerable debate as to the
hysical interpretation of the characteristic lifetime  and
tretch factor . Stretched exponential relaxation is com-
only interpreted as a sum of pure exponential decays
ith a probability distribution P of i lifetime values for a
iven value of  [31]. Recently, the probability distribu-
ions P /i of the stretched exponential function for dif-
erent  values have been calculated [31–33]. Analysis of
hese distributions leads to the following physical inter-
retations: (i) that  is that i, which is equally likely to be
ess than  as it is to be greater; (ii) that  is a measure of
he intrinsic long lifetime cutoff of P /i , [31]. Some
mission decays were found to be well-described by the
ouble exponential function given in Eq. (7),
It = y0 + I1 exp −  t
1
	 + I2 exp −  t
2
	 , 7
here 1 and 2 are the two characteristic lifetimes; I1
nd I2 are their respective coefficients. The presence of
wo lifetime components indicates the presence of two dis-
inct emission centers. Regression analysis was imple-
ented using the Marquardt–Levenberg algorithm [34].
he goodness of the fit was measured using the coefficient
f determination R2. The coefficient of determination in-
icates how much of the total variation in the dependent
ariable can be accounted for by the regressor function. If
2=1 then this indicates that the fitted model explains all
ariability in the observed dependent variable, while R2
0 indicates no linear relationship between the depen-
ant variable and regressors.
The linearity of the detector used to collect the decay
ata was around 0.5%. The decay curves of erbium-doped
LS [35], taken with a similar detector over a similar dy-
amic range, showed no deviation from single exponential
ehavior as would be expected from a rare earth ion. This
ndicates that the nonexponential decay observed in
itanium-doped GLS is a physical phenomenon and is not
elated to a deviation from linearity in the detector.
Figure 6 shows the fluorescence decay of 0.05%
itanium-doped GLS fitted with a stretched exponential.
he best fit to the experimental data was with a lifetime
f 67 s and a stretch factor  of 0.5. Visual inspection
ndicates an excellent fit to the experimental data. Figure
shows the fluorescence decay of 1% Ti:GLS, fitted with
he stretched and double exponential. The stretched expo-
ential is no longer a good fit R2=0.9355 and the double
xponential fit is better R2=0.9824. The lifetimes of the
ouble exponential were 15 and 160 s. The fact that the
haracteristic slow lifetime of 67 s is no longer observed
t high concentrations when using the double exponential
t is believed to be because the stretch factor is 0.5 and a
ingle exponential is not a good approximation.To illustrate this problem assume that the characteris-
ic stretched exponential decay with a lifetime of 67 s
nd a stretch factor of 0.5 is present in the fluorescence
ecay in Fig. 7. Fitting to this decay can only occur once
he fast lifetime component has decayed, which, from the
nspection of Fig. 7, occurs around t50 s. For t
50 s only much slower lifetime components are
resent, therefore fitting this part of the decay with a
ingle exponential will give a much longer lifetime than
he stretched exponential. To overcome this problem a
tretched exponential, starting at time zero, was fitted to
he fluorescence decay but the stretched exponential was
nly fitted to the fluorescence decay at t50 s; in other
ords the fit was not dependent on t=0 to 50 s. This fit
ig. 6. (Color online) Fluorescence decay of 0.05% titanium-
oped GLS excited with a 10 mW 658 nm laser source and
tretched exponential fit. The lifetime was 67 s and the stretch
actor was 0.5.
ig. 7. (Color online) Fluorescence decay of 1% titanium-doped
LS excited with a 10 mW 658 nm laser source fitted with a
ouble exponential, a stretched exponential, and a stretched ex-
onential starting at t=0 but where the fit is only dependent on
50 s. The inset shows the fluorescence decay minus the
tretched exponential fit where the fit is only dependent on t
50 s, and a single exponential fit.
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Hughes et al. Vol. 25, No. 9 /September 2008 /J. Opt. Soc. Am. B 1463ad the characteristic slow lifetime of 67 s and a simi-
ar stretch factor of 0.6. The inset of Fig. 7 shows the fluo-
escence decay minus the stretched exponential fit, where
he fit is only dependent on t50 s, fitted with a single
xponential with a lifetime of 10 s. This is relatively
lose to the fast component of the double exponential fit;
owever, there are too few data points in this region of the
ecay to accurately characterize this part of the decay.
igure 8 shows the emission decay of 0.05% titanium-
oped GLSO fitted with a stretched exponential with a
ifetime of 97 s and a stretch factor  of 0.5. Visual in-
pection indicates an excellent fit to the experimental
ata. Figure 9 shows the emission decay of 1% titanium-
oped GLSO fitted with a stretched exponential with a
ifetime of 60 s and a stretch factor  of 0.5. Unlike
i:GLS the emission decay at this concentration is still
ell-described by a stretched exponential. Figure 10
hows the R2 of stretched exponential fits as a function of
itanium concentration in GLS and GLSO. At concentra-
ions greater than 0.1% Ti:GLS the fall in R2 indicates
hat the fluorescence decay starts to deviate from
tretched exponential behavior. In Ti:GLSO there is rela-
ively little change in R2 as titanium concentration in-
reases.
We propose that the stretched exponential behavior re-
ults from a superposition of a continuous distribution of
ifetimes caused by variations in the local environment of
he titanium ions. The finding that there is a deviation
rom stretched exponential behavior in concentrations
bove 0.1% in Ti:GLS but not in Ti:GLSO and that life-
imes are longer in GLSO indicates that this effect is re-
ated to the oxygen content of the glass. GLS contains
0.5% (molar) oxygen whereas GLSO contains 15%
molar) oxygen. We therefore propose that two sites for ti-
anium exist in GLS glass: a high-efficiency oxide site and
low-efficiency sulfide site. In GLS the titanium ion pref-
rentially fills the high-efficiency oxide sites until, at a
oncentration of 0.1%, they become saturated and the
ow-efficiency sulfide sites start to be filled; this explains
he deviation from stretched exponential behavior at con-
entrations 0.1% and the appearance of characteristic
ast and slow lifetime components. Although it seems
ig. 8. (Color online) Fluorescence decay of 0.05% titanium-
oped GLSO excited with a 10 mW 658 nm laser source and
tretched exponential fit. The lifetime was 97 s and the stretch
actor was 0.5.ounterintuitive that the oxide site is more efficient than
he sulfide site when considering their expected phonon
nergies, one should also consider that transition metals
re strongly affected by their local environment. It may
herefore be possible that the two sites have a different
ymmetry in their first coordination sphere, which could
ffect the efficiency irrespective of local phonon energy.
he peak position and shape of the absorption bands of
i:GLS do not change significantly as concentration in-
reases from 0.05% to 1%; however, one would expect a
oticeable redshift in absorption going from an oxide co-
rdinated transition metal to a sulfide coordinated tran-
ition metal. So the oxide site probably does not have oxy-
en directly bonded to the titanium ion. Figure 11 shows
ow the lifetime fitting parameter of titanium-doped GLS
nd GLSO varies as a function of doping concentration.
he figure shows that the lifetime is longer in Ti:GLSO
han Ti:GLS, which indicates that GLSO is the most fa-
orable host for an active optical device. The lifetime is
till increasing slightly at the lowest concentration, 0.05%
olar titanium, investigated. This indicates that concen-
ration quenching is still occurring at 0.05%, therefore the
ig. 9. (Color online) Fluorescence decay of 1% titanium-doped
LSO excited with a 10 mW 658 nm laser source and stretched
xponential fit. The lifetime was 60 s and the stretch factor was
.5.
ig. 10. (Color online) Coefficient of determination of stretched
xponential fit as a function of titanium concentration in GLS
nd GLSO.
o
o
a
o
l
c
b
h
t
c
t
p
i
i
w
A
s

a
i
f
W
s
fi
g
p
t
c
i
o
4
A
t
s
A

T
a
t
n
a
e
b
s
9
T
o
d
0
t
t
i
c
T
c
a
s
p
R
1
1
1
1
1
1
1
F
G
w
1464 J. Opt. Soc. Am. B/Vol. 25, No. 9 /September 2008 Hughes et al.ptimum concentration for an active optical device based
n Ti:GLSO may be lower than 0.05%. In Ti:Al2O3, laser
ction has been demonstrated at titanium concentrations
f 0.03% to 0.15% molar [3]. Figure 11 also shows that
ifetimes decrease more rapidly as concentration in-
reases in Ti:GLS than in Ti:GLSO. This can be explained
y the oxide–sulfide site model discussed above. The
igher oxygen content of GLSO means that in Ti:GLSO
he high-efficiency oxide sites remain available at higher
oncentrations, whereas in Ti:GLS the lower oxygen con-
ent means that as titanium concentration increases, the
roportion of titanium ions in low-efficiency sulfide sites
ncreases. Therefore the lifetime will decrease more rap-
dly as concentration increases. All the lifetimes in Fig. 11
ere determined using the stretched exponential model.
s shown in Fig. 10 there is a deviation from the
tretched exponential model in Ti:GLS at concentrations
0.2%, the lifetime at these concentrations is therefore
n approximation. Because of the difficulties in compar-
ng the lifetime of emission where the decay follows dif-
erent models this is believed to be a valid approximation.
e also found that the lifetimes calculated using the
tretched exponential in Fig. 11 were within 1% of the
rst e-folding time.
Out of all the references concerning titanium-doped
lass collected for this study [12,15–22] there were no re-
orts of emission lifetime. The large difference in Ti3+ life-
ime between the oxide and sulfide sites in GLSO indi-
ates that the lifetime of the Ti3+ ion is highly sensitive to
ts host environment, which may explain why the lifetime
f Ti:GLSO is much longer than that of Ti:sapphire.
. CONCLUSIONS
bsorption measurements of Ti:GLS identified an absorp-
ion band at 500–600 nm that could not be fully re-
olved because of its proximity to the band edge of GLS.
t concentrations of 0.5% and greater a shoulder at
1000 nm is observed in Ti:GLS but not in Ti:GLSO.
here is also a weak and broad absorption centered at
round 1800 nm. The second derivative absorption spec-
ra identified an absorption peak at 980 nm in Ti:GLS but
ig. 11. (Color online) Lifetimes of titanium-doped GLS and
LSO as a function of doping concentration. The emission decays
ere fitted with the stretched exponential model.ot in Ti:GLSO; absorption peaks at 615 and 585 nm are
lso identified for Ti:GLS and Ti:GLSO, respectively. The
xcitation spectra of 0.1% titanium-doped GLS and GLSO
oth show a single excitation peak at 580 nm. The emis-
ion spectra of Ti:GLS and Ti:GLSO both peaked at
00 nm. It is proposed that the absorption at 600 nm in
i:GLS and Ti:GLSO is due to the 2T2g→ 2Eg transition of
ctahedral Ti3+ and the absorption at 980 nm in Ti:GLS is
ue to Ti3+–Ti4+ pairs. The lifetime fitting parameter of
.05% Ti:GLSO is 97 s. The optimum doping concentra-
ion for an active device based on Ti:GLSO may be lower
han the lowest concentration of 0.05% molar investigated
n this study. Therefore the investigation of lower doping
oncentrations of Ti:GLSO is suggested as further work.
he fabrication of a Ti:GLSO fiber at the optimum doping
oncentration for applications as a tunable laser source is
lso suggested as further work; however, excited state ab-
orption into the band egde of GLSO may be a significant
roblem.
EFERENCES
1. T. H. Maiman, “Stimulated optical radiation in ruby,”
Nature 187, 493–494 (1960).
2. A. Mairaj, “Optical waveguides and lasers in improved
gallium lanthanum sulphide glass,” Ph.D. dissertation
(University of Southampton, 2002).
3. P. F. Moulton, “Spectroscopic and laser characteristics of
Ti:Al2O3,” J. Opt. Soc. Am. B 3, 125–133 (1986).
4. A. Stingl, M. Lenzner, C. Spielmann, and F. Krausz,
“Sub-10-fs mirror-dispersion-controlled Ti:sapphire laser,”
Opt. Lett. 20, 602–604 (1994).
5. T. C. O’Haver and T. Begley, “Signal-to-noise ratio in
higher order derivative spectrometry,” Anal. Chem. 53,
1876–1878 (1981).
6. W. L. Butler and D. W. Hopkins, “Higher derivative
analysis of complex absorption spectra,” Photochem.
Photobiol. 14, 439–450 (1970).
7. A. Savitzky and M. J. E. Golay, “Smoothing and
differentiation of data by simplified least squares
procedures,” Anal. Chem. 36, 1627–1639 (1964).
8. D. S. McClure, “Optical spectra of transition-metal ions in
corundum,” J. Chem. Phys. 36, 2757–2779 (1962).
9. A. Sanchez, A. J. Strauss, R. L. Aggarwal, and R. E. Fahey,
“Crystal growth, spectroscopy, and laser characteristics of
Ti:Al2O3,” IEEE J. Quantum Electron. 24, 995–1002
(1988).
0. R. L. Aggarwal, A. Sanchez, M. M. Stuppi, R. E. Fahey, A.
J. Strauss, W. R. Rapoport, and C. P. Khattak, “Residual
infrared absorption in as-grown and annealed crystals of
Ti:Al2O3,” IEEE J. Quantum Electron. 24, 1003 (1988).
1. S. K. Mohapatra and F. A. Kroger, “Defect structure of
–Al2O3 doped with titanium,” J. Am. Ceram. Soc. 60,
381–387 (1977).
2. K. Morinaga, H. Yoshida, and H. Takebe, “Compositional
dependence of absorption spectra of Ti3+ in silicate, borate,
and phosphate glasses,” J. Am. Ceram. Soc. 77, 3113–3118
(1994).
3. C. Mercier, G. Palavit, G. Tricot, L. Montagne, and C.
Follet, “A survey of transition-metal containing phosphate
glasses,” C. R. Chim. 5, 693–703 (2002).
4. T. Schweizer, F. Goutaland, E. Martins, D. W. Hewak, and
W. S. Brocklesby, “Site-selective spectroscopy in
dysprosium-doped chalcogenide glasses for 1.3-m optical-
fiber amplifiers,” J. Opt. Soc. Am. B 18, 1436–1442 (2001).
5. R. Balaji Rao, D. Krishna Rao, and N. Veeraiah, “The role
of titanium ions on structural, dielectric and optical
properties of Li2O–MgO–B2O3 glass system,” Mater.
Chem. Phys. 87, 357–369 (2004).
6. L. E. Bausa, F. Jaque, J. G. Sole, and A. Duran,
11
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
Hughes et al. Vol. 25, No. 9 /September 2008 /J. Opt. Soc. Am. B 1465“Photoluminescence of Ti3+ in P2O5–Na2O–Al2O3 glass,” J.
Mater. Sci. 23, 1921–1922 (1988).
7. L. E. Bausa, J. G. Sole, A. Duran, and J. M. F. Navarro,
“Characterization of titanium induced optical absorption
bands in phosphate glasses,” J. Non-Cryst. Solids 127,
267–272 (1991).
8. F. Gan and H. Liu, “Luminescence of titanium containing
fluorophosphate glass,” J. Lumin. 31–32, 348–350 (1984).
9. N. Iwamoto, H. Hidaka, and Y. Makino, “State of Ti3+ ion
and Ti3+–Ti4+ redox reaction in reduced sodium silicate
glasses,” J. Non-Cryst. Solids 58, 131–141 (1983).
0. G. M. Krishna, N. Veeraiah, N. Venkatramaiah, and R.
Venkatesan, “Induced crystallization and physical
properties of Li2O–CaF2–P2O5:TiO2 glass system. II.
Electrical, magnetic and optical properties,” J. Alloys
Compd. 450, 486–493 (2008).
1. A. Nolet, “Optical absorption and Mossbauer spectra of Fe,
Ti silicate glasses,” J. Non-Cryst. Solids 37, 99–110 (1980).
2. B. S. Rawal and R. K. MacCrone, “Optical absorption in an
equimolar barium borosilicate glass containing titanium
ions,” J. Non-Cryst. Solids 28, 337–345 (1978).
3. J. C. Phillips, “Stretched exponential relaxation in
molecular and electronic glasses,” Rep. Prog. Phys. 59,
1133–1207 (1996).
4. K. C. B. Lee, J. Siegel, S. E. D. Webb, S. Leveque-Fort, M.
J. Cole, R. Jones, K. Dowling, M. J. Lever, and P. M. W.
French, “Application of the stretched exponential function
to fluorescence lifetime imaging,” Biophys. J. 81,
1265–1274 (2001).
5. R. A. L. Vallée, M. Cotlet, J. Hofkens, F. C. D. Schryver,
and K. Mullen, “Spatially heterogeneous dynamics in
polymer glasses at room temperature probed by single
molecule lifetime fluctuations,” Macromolecules 36,
7752–7758 (2003).
6. G. Mauckner, K. T. T. Baier, T. Walter, and F. L. Sauer,“Temperature dependent lifetime distribution of the
photoluminescence S-band in porous silicon,” J. Appl. Phys.
75, 4167–4170 (1993).
7. R. Chen, “Apparent stretched-exponential luminescence
decay in crystalline solids,” J. Lumin. 102–103, 510–518
(2003).
8. M. Hughes, H. Rutt, D. Hewak, and R. Curry,
“Spectroscopy of vanadium (III) doped gallium lanthanum
sulphide glass,” Appl. Phys. Lett. 90, 031108 (2007).
9. J. Wlodarczyk and B. Kierdaszuk, “Interpretation of
fluorescence decays using a power-like model,” Biophys. J.
85, 589–598 (2003).
0. A. B. Seddon, D. Furniss, M. S. Iovu, S. D. Shutov, N. N.
Syrbu, A. M. Andriesh, P. Hertogen, and G. J.
Adriaenssens, “Optical absorption and visible luminescence
in Ga–La–S–O glass doped with Pr3+ ions,” J.
Optoelectron. Adv. Mater. 5, 1107–1113 (2003).
1. D. C. Johnston, “Stretched exponential relaxation arising
from a continuous sum of exponential decays,” Phys. Rev. B
74, 184430–184437 (2006).
2. P. Hetman, B. Szabat, K. Weron, and D. Wodzinski, “On the
Rajagopal relaxation-time distribution and its relationship
to the Kohlrausch–Williams–Watts relaxation function,” J.
Non-Cryst. Solids 330, 66–74 (2003).
3. I. Svare, S. W. Martin, and F. Borsa, “Stretched
exponentials with T-dependent exponents from fixed
distributions of energy barriers for relaxation times in
fast-ion conductors,” Phys. Rev. B 61, 228–233 (2000).
4. D. W. Marquardt, “An algorithm for least squares
estimation of parameters,” J. Soc. Ind. Appl. Math. 11,
431–441 (1963).
5. K. Kadono, T. Yazawa, S. Jiang, J. Porque, B.-C. Hwang,
and N. Peyghambarian, “Rate equation analysis and
energy transfer of Er3+-doped Ga2S3–GeS2–La2S3 glasses,”
J. Non-Cryst. Solids 331, 79–90 (2003).
